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FOREWORD 
This thesis is divided, into two parts: Part I 
describes a synthetic approach used for making model 
compounds for mechanistic studies of the vitamin B 
catalyzed interconversion of methylmalonyl-CoA to 
succinyl-CoA. This section was completed August 1973. 
Part II details the development of an enzyme assay 
procedure for methylmalonyl-CoA mutase using combined 
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Diethyl bromomethyl malonate and diethyl methyli- 
dine malonate have been prepared by the experimental 
design described in Part I of this thesis. Hydrobo- 
ration of diethyl methylidine malonate yielded a very 
unstable monohydroxy-substituted, water Insoluble 
derivative. The compound decomposed readily to give 
a polymeric product. 
In addition, a rapid enzyme assay method for 
methylmalonyl coenzyme A mutase has been developed as 
outlined in Part II. The crude enzyme was hydrolyzed 
and the acidic products were esterified and analyzed 
by gas chromatography/mass spectrometry. 
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PART I 
SYNTHESIS OF MODEL COMPOUNDS 
INTRODUCTION 
Vitamin B^2, first isolated in 19^8 by Folkers 
and Smith, is one of the most intriguing biochemicals 
studied. It Is the most complex nonpolymer yet found in 
nature and is unique in that it is the only known vitamin 
containing a metal ion. Although its biochemical role 
has not yet been completely elucidated, vitamin B12 Is 
one of the most physiologically potent compounds used to 
treat disease - two micrograms per day is effective in con¬ 
trolling pernicious anemia. It has also been shown to be 
essential for normal red blood cell formation, maintenance 
of neural function, normal growth, and for some metabolic 
processes in which the vitamin acts as a coenzyme. In¬ 
direct evidence indicates it plays a role in the synthesis 
of nucleic acids. Besides its uses in human nutrition and 
1-3 therapy, vitamin B12 is used in animal feed supplements. ^ 
The structure of vitamin B^2 (Fig. 1) was revealed in 
1957 by a combination of chemical and X-ray crystallo¬ 
graphic methods. Vitamin B^2, also known as cyanocobal- 
amln, has a macrocyclic corrin ring consisting of four 
nitrogen-containing flve-membered rings joined through 
three methylene bridges. Coordinated to the four inner 
nitrogen atoms is an atom of cobalt. Attached to the 
corrin ring is a 5»6-dimethylbenzimidazole ribonucleotide. 




Fig, 1. Coenzyme vitamin (deoxyadenoslne cobalamln).* 
* Taken from A. L. Lehninger, "Biochemistry", 2nd ed., 
Worth Publishers, Inc., New York, N. Y., 1975* P. 3^9. 
3 
cobalt atom. The coenzyme B^2 has been shown to have the 
same general macrocyclic structure and peripheral sub¬ 
stituents as vitamin B-^. Unique to the coenzyme is a 
5'-deoxyadenosyl group (Fig. 1) which replaces the cyanide 
3 4 group. ’ This coenzyme was the first organometallic com¬ 
pound discovered in living systems. 
Coenzyme Bacts in concert with a number of enzymes. 
At least ten known enzyme-catalyzed rearrangement reactions 
in which the coenzyme B12 is an obligatory cofactor have 
been reported-* (Table 1). Of the ten, three reactions in¬ 
volve a carbon skeletal rearrangement. They are the re¬ 
versible interconversions B-methylaspartate <  glutamate, 
methylmalonyl-CoA < - succinyl-CoA, and P-methyl!tacon- 
tate  y a-methyleneglutarate. 
All of the reactions in Table 1, with the exception 
of the conversion of ribose to deoxyribose, involve a 1,2 
migration of a hydrogen from one carbon atom to an ad¬ 
jacent carbon atom, while an alkyl, acyl, or electro¬ 
negative group (X) migrates in the opposite direction as 
shown in the general equation below. 
X X 
H H 
It is well documented^*”11 that the hydrogen migration 
is intermolecular and is mediated by the 5»-methylene of 
4 
Table 1. Coenzvme B12 - Dependent Rearrangements 
Reaction Enzyme 
L-Glutamate L-threo-P -Methyl- 
.aspartate 
L-Methylmalonyl-CoA <—- Succinyl- 
CoA 
2-Methyleneglutarate <—- Methyll- 
tacontate 
1,2-Propanediol  » Propionaldéhyde 
Ethylene glycol  * Acetaldehyde 
Glycerol  » P-Hydroxypropional- 
dehyde 
Ethanolamine —» Acetaldehyde + NH^ 
2-Aminopropanol <—- Propionaldé¬ 
hyde + NH^+ 
L-P-Lysine(L-3,6-diaminohexanoic 
cid) <—- 3 »5-Diaffiinohexanoic acid 
D-Lysine <—- 2,5“Dia^inohexanoic 
acid 
D-Ornithine <—- 2,4-Diaminopenta- 
noic acid 
Ribose —> Deoxyribose 











a-Lysine mutase 20 





the deoxyadenosine of the coenzyme. This finding has 
been shown to apply to all reactions of the coenzyme B^2 
series in Table 1. 
The initial steps of hydrogen transfer involve a 
sequence of events in which the coenzyme B^2 inserts into 
an unactivated C-H bond of the substrate methyl group. 
First, homolytic cleavage of the carbon-cobalt bond of the 
coenzyme leads to formation of Co(II) at the active site 
and a deoxyadenosyl free radical. The deoxyadenosyl 
radical then abstracts the migrating hydrogen atom from 
the enzyme-bound substrate molecule, forming 5'-deoxy- 
















CH3 + CR0 <  
1 2 
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couples with the Co(II). 
Little is known about the mechanism of group X migra¬ 
tion, and the requirements for the carbon-skeleton re- 
6 
arrangement, which occurs in the interim, are almost 
totally undefined. Four mechanisms have been proposed 
(Table 2); however, little experimental evidence has 
been presented to corroborate these conjectures or give 
Information as to the specific intermediates involved: 
the enzymological experiments that have been performed 
yield little information concerning the mechanism. Con¬ 
versely, experiments with chemical model systems^’3°“33 
have led to proposal of a number of reaction mechanisms 
which represent attractive models for group X migration. 
However, present evidence is insufficient to support any 
one of them unambiguously. More studies are needed to 
elucidate the mechanistic details of the enzyme-catalyzed 
group X migration. It is toward this end that the experi¬ 
mental studies using the methylmalonyl-CoA <—- succinyl- 
CoA system, described in this thesis, were directed. 
The coenzyme B12 dependent, enzyme-catalyzed, re¬ 
versible interconversion of methylmalonyl-CoA (1) to suc- 
cinyl-CoA (2) has generated much interest in the past ten 
years and is, by more than one measure, an important re¬ 




Table 2. Postulated Mechanisms 
Rearrangement in Coenzyme B^- 
for The Carbon-Skeleton 
Catalyzed Reactions.* 
Mechanisms Enzyme 
1. Radical rearrangement Diol dehydrase^ 
2. Carbonium ion rearrange¬ 
ment Indefinite 
3. Carbanlon rearrangement Methylmalonyl-CoA 
32 mutase 
4. Ionic rearrangement Diol dehydrase^ 
*Taken from R. H. Abeles and D. Dolphin, Acc. Chem. Res., 
2, 114 (1976). 
8 
34 3 *5 
classical organic chemistry, and until most recently, 
no suitable nonenzymatic model reactions existed. The 
stereochemistry of this reaction differs from other 
vitamin B12 catalyzed reactions in that rearrangement of 
the carbon skeleton occurs with retention of configuration 
of the migrating groups. It is the only reaction catalyzed 
by coenzyme B^2 occuring in man. This reaction, which is 
crucial in human metabolism, effects the return of pro¬ 
pionic acid, resulting from amino acid and odd-chain fatty 
acid catabolism, to the tricarboxylic acid cycle important 
in energy production. As a consequence of any one of 
several genetic defects, obstruction of the enzymic path¬ 
ways necessary for the interconversion of methylmalonyl- 
CoA (1) to succlnyl-CoA (2) may occur, resulting in excess 
methylmalonic acid and propionic acid in the body and ulti¬ 
mately to some of the symptons and malfunctions associated 
with the once fatal disorder, pernicious anemia. By moni¬ 
toring the levels of propionic and methylmalonic acids in 
the body fluids, disorders relating to pernicious anemia 
can be minimized. Elucidation of the mechanism of the 
carbon-skeleton rearrangement of the interconversion of 
methylmalonyl-CoA to succinyl-CoA would be a major scien¬ 
tific break-through of significant biomedical consequences. 
Several possible mechanisms can be written in which a 
1,2-shift of the thioester group at a carbonium ion site 
9 
generated by loss of hydrogen as hydride occurs. Some 
require the coenzyme whereas others do not. Most of 
these can not be ruled out on the basis of existing evi¬ 
dence. However, in view of recent reports,^3-27,30-34 
the mechanism shown below appears more consistent with 
34 
available data. Specifically, Dowd and Shapiro-^ have 




















studied a non-enzymatic model reaction which gives strong 
chemical evidence for the importance of interaction be¬ 
tween the substrate and the cobalt atom of vitamin 
10 
In the structural rearrangement reaction. In their 
model, Dowd and Shapiro prepared the bromo-derivative of 
methylmalonic acid which converted to succinic acid 
(albeit in low yield) by reaction with the monovalent 
vitamin B-^ in the absence of enzyme. The methylmalonic 
acid substrate, 2* not bound to coenzyme A in the 
model, but the carbon skeleton for the model system is 
the same as that of the physiological substrate. 
Reaction of dimethyl bromomethylmalonate (2) with 





























the intermediate in the naturally occurring intercon¬ 
version. Although the product, 4, is too unstable to 
isolate as a solid product, its visible and ultraviolet 
spectra were consistent with the formation of an alkyl- 
11 
cobalamin. Typical of alkyl compounds, the product, 4, 
decomposed rapidly to form hydroxocobalamin in the 
presence of light. In the dark, the breakdown products 
after 24 hrs were methylmalonic acid (£), succinic 
acid (6), and malonic acid (2)- The isolated succinic 
acid (6) yield was 3.7 per cent. 
Prior to the report by Dowd and Shapiro, model 
systems employing compounds such as 8, £, and 1(), were 





CHo-0H / 2 V X COGH 
2 
X = OH, OTs, Br, NHg 
Reaction of 8, £, or 10, with coenzyme in model 
systems can give definitive mechanistic information, par 
44 
ticularly, in view of Retay's report that ethylmalonyl 
CoA can serve as substrate in the methylmalonyl-CoA 
mutase reaction. 
12 
Compounds with structures representative of 8 are 
known to be carbonium ion precursors. The cubyl deriv¬ 
ative, TO, undergoes rearrangement when an electron de¬ 
ficient atom is generated alpha to the ring; this re¬ 
arrangement is irreversible, and hence. Identification 
of product isolated from the enzymatic reaction should 
provide unequivocal evidence of a carbonium ion species 
formed at some stage in the rearrangement process. 
Accordingly, the preparation of these compounds was 
undertaken. 
The remainder of this thesis details the synthetic 
approach used in preparing compound 8, followed by a 
second part which describes the development of an enzyme 
assay method for methylmalonyl-CoA mutase. 
RESULTS AND DISCUSSION 
In order to examine the mechanism of the inter¬ 
conversion of methylmalonyl-CoA to succinyl-CoA and to 
elucidate the structure of the intermediate species, 
the present study was undertaken to synthesize suitable 
model compounds. The reaction scheme for the prepara¬ 





















Diethyl methylidine malonate was prepared according 
to Weiner's procedure-^ with modifications. Reaction of 
diethyl malonate (1JL) with sodium ethoxide in excess 
ethanol gave the carbanion Intermediate, 11a, which was 
not isolated. Alkylation of the very reactive methylene 
group was achieved by adding the reaction mixture, 11 - 
11a, drop-wise to dibromomethane. Nuclear magnetic 
resonance spectra of the product material indicated the 
presence of the bromoester, Distillation of com¬ 
pound 12 resulted in the elimination of hydrogen bromide, 
affording a mixture of diethyl malonate (12) and diethyl 
methylidine malonate (13). 
Surprisingly, attempts to prepare diethyl methyli¬ 
dine malonate directly by Weiner's procedure did not 
give satisfactory results. Repeated attempts following 
the procedure resulted in failure to isolate or separate 
the product, 1^., by simple, fractional, and spinning 
band distillations. Initially, it appeared that the pro¬ 
duct material contained compounds 11, 12, and 13. If 
this were the case, the bromoester, 12, should have been 
isolable from 11 and 1^; the boiling point of the bromo- 
compound is much higher than that of diethyl malonate (11) 
and diethyl methylidine malonate (3/)). Even more con¬ 
fusing, interpretation of the nuclear magnetic resonance 
spectral pattern seemed consistent with this conclusion. 
Attempted solvolysis of the product material produced 
15 
no useful results. Reflux mixtures of the product in 
three solvents, ethanol, acetic acid and sodium acetate, 
and triethylamine, for 10, 24, and 48 hrs gave unreacted 
starting material. Similarly, no new or additional in¬ 
formation was acquired from attempts to prepare the 
olefinic ester, ]Q, directly by using a 2:1 molar ratio 
of base to reactants. 
Re-evaluation of the procedure and spectral analysis 
led to a different conclusion, supported by subsequent 
experimental studies. The sequence in which the reactants 
are added and the use of heat in the reaction (Scheme II) 
act as driving forces for the attack of the very reactive 
carbanion, 11a, on the bromoester, 12, as soon as it is 






/ \ •C0CC2H^ 
16 
Reverse addition of the reactants decreased the 
probability of attack of the carbanion, 11a, on the bromo- 
16 
ester, 12. Hydrogen bromide was easily eliminated from 
compound 12 by distillation, giving diethyl methylidine 
malonate (13) and diethyl malonate (11). The difference 
in boiling points of the two compounds is less than two 
degrees, hence, separation of the two compounds by dis¬ 
tillation techniques was not practical. Due to the ten¬ 
dency of the product to polymerize, separation by column 
chromatography was ruled out. 
Hydroboration of compound lji, followed by oxidation, 
afforded a colorless liquid, which upon standing at 4° 
formed a white, powdery solid ltfhich was not characterized. 
H2C=C 
COOCpHj- 
/ 5 BHo.THF / 
COOC2H^ 
4 .CHo-ÇH 
\ NaOH, H?0? / \ 
N
COOC2H5 OH COOC2H^ 
U 14 
solid, polymeric product 
The infrared spectrum of the liquid product showed an -OH 
absorption peak which is representative of a hydroxy com¬ 
pound. Satisfactory nuclear magnetic resonance spectra 
could not be obtained due to the instability of the pro¬ 
duct. For the same reason, solvolysis studies were not 
obtained. 
Preparation of the hydroxy compound, 14, by conden- 
17 
sation of formaldehyde with diethyl malonate, has been 
reported by other investigators.37-38 These reports 
characterize the hydroxy compound, 14, as a very unstable 
product which readily loses water to form diethyl methyli- 
dine malonate (ljO. Diethyl hydroxymethyl malonate (14) 
is soluble in organic solvents, insoluble in water and 
decomposes upon distillation. Neither investigator re¬ 
ported a solid product or polymerization of the liquid 
product to a solid. Although the solubility properties 
of the hydroxy compound, 14, reported by Matsuura, 
closely match those of the solid compound obtained in 
this study, our results suggest that the hydroxy com¬ 
pound is not a solid (both solid and liquid products 
were obtained). The analytical data on the solid is not 
consistent with a hydroxy compound. Subsequent tests 
with tosyl chloride did not yield characteristic results. 
The elementary analysis of the product resulting from the 
reaction of the polymeric product with tosyl chloride 
were not consistent with the theoretical calculations. 
The synthetic approach for preparing diethyl hydroxy¬ 
methyl malonate (14), described in Part I of this thesis, 
is not a suitable procedure. Condensation of formaldehyde 
with diethyl malonate does not offer an appropriate alter¬ 
native synthesis. The hydroxy ester is too unstable and 
sensitive to be useful for additional substitution react¬ 
ions or rearrangement studies. 
EXPERIMENTAL 
Infrared (ir) spectra were recorded on a Beckman 
ir-5A spectrophotometer and calibrated against the 6.2A 
band of a polystyrene film. Melting points were deter¬ 
mined using a Thomas-Hoover melting apparatus and un¬ 
corrected. Nuclear magnetic .resonance (nmr) were re¬ 
corded on a Varian Associates A-60 spectrometer. Chemical 
shifts (6) are reported in parts per million downfield 
from tetramethylsilane. 
Removal of solvent in vacuo refers to evaporation at 
the apirator pressure on a Buchler rotary evaporator. 
18 
19 
Diethyl Methylldlne Malonate (14)-^. — In a three 
necked flask (1 1) equipped with a dropping funnel 
(500 ml), mechanical stirrer, and a reflux condenser 
fitted with a drying tube, finely cut sodium (11.5 g. 
670 mg atoms) was added to 330 ml of absolute alcohol 
(previously dried over molecular sieves) and stirred un¬ 
til all sodium was in solution. Diethyl malonate ( 1,1 , 
120 g, 750 mmol) was added drop-wise. The mixture was 
heated to a gentle reflux until all the ester was in 
solution. The hot solution was transferred to a dropping 
funnel and allowed to drop slowly into the dibromomethane 
(Eastman, 67 g, 700 mmol) in the three necked flask. 
Upon complete addition, the yellow sol\ition was refluxed 
for 90 min, neutralized with glacial acetic acid, and 
cooled. The sodium bromide was filtered from the solution 
with suction and washed on the funnel with 25 ml of cold 
ethyl alcohol. The major part of the alcohol was removed 
by distillation at atmospheric pressure. The sodium 
bromide was dissolved In 400 ml of water containing 10 ml 
of concentrated hydrochloric acid; this solution was added 
to the residue from distillation and mixed well by vigor¬ 
ously shaking. The aqueous lower layer was separated from 
the ester and extracted twice with ether. The ester and 
ether extracts were combined and dried by shaking quickly 
with anhydrous sodium sulfate (Fisher). The mixture was 
20 
filtered immediately. Removal of the ether was achieved 
by evaporation in vacuo. A cold solution of sodium hy¬ 
droxide (10 g in 30 ml of water) was shaken with the ester 
for exactly one min to remove the unreacted diethyl malo- 
nate. The alkali was drawn off; the remaining ester was 
washed with dilute hydrochloric acid (5 per cent) and 
dried as before with sodium sulfate. The crude ester pro¬ 
duct was distilled under reduced pressure, the major frac¬ 
tion boiling at 47°/0.5 mm was collected. The elimination 
of hydrogen bromide during distillation afforded 98.7 g of 
mixed esters as a thick, colorless liquid, diethyl malonate 
and diethyl methylidlne malonate: ir, X(CCl^) = 3.32, 5.75, 
6.79, 6.89, 7.27, 7.53, 8.09, 8.85A; nmr, &(CC14) = 1.30 
(12H, sextet, -CH^), 3.22 (2H, singlet, -CHg-), 4.18 (8H, 
octet, -CHg- groups of two ethyl groups), and 6.4 ppm (2H, 
singlet, vinyl). 
Attempted Solvolysis of Diethyl Bromomethyl Malonate 
(12) in Ethanol. — Diethyl bromomethyl malonate (1.48 g) 
was mixed with 25 ml of absolute ethanol and refluxed for 
48 hrs. The alcohol was removed from the reflux mixture 
by evaporation in vacuo. The weight of the recovered 
material was 1.44 g. Spectral analysis of the recovered 
material showed no visible changes, i.e., there were no 
shifts in peaks nor change in intensity of peaks. 
21 
Attempted Solvolysis of Diethyl Bromomethyl Malonate 
(12) In Acetic Acid and Sodium Acetate. — Diethyl bromo¬ 
methyl malonate (1.43 g) was added to 25 ml of acetic 
acid containing sodium acetate (0.83 g). The mixture was 
refluxed for 48 hrs. The refluxed mixture was extracted 
two times with ether followed by washings with dilute 
sodium carbonate to remove the acetic acid. The ether was 
removed by evaporation in vacuo. The weight of the re¬ 
covered material was 1.47 g; this 2.7 per cent increase in 
weight was probably due to a contaminant from the reflux 
mixture. Spectral data were inconclusive. 
Attempted Elimination of Bromine from Diethyl Bromo¬ 
methyl Malonate (12) Using Trlethylamine. — A 1:1 molar 
ratio of diethyl bromomethyl malonate (1.35 g) to triethyl- 
amine (0.54 g) was reacted. The mixture was warmed slight¬ 
ly and kept above room temperature for 10 hrs. No elimi¬ 
nation of bromine was noted. 
Hydroboratlon of Diethyl Methylldlne Malonate (13).^ 
— A three-necked, round-bottomed flask (250 ml) equipped 
with a reflux condenser, thermometer, magnetic stirring 
bar, and dropping funnel was flamed with a Bunsen burner 
while flushing with dry nitrogen. The nitrogen was in¬ 
troduced through a glass inlet fitted with a 2-way stop- 
22 
cock connected to a dropping funnel using a ground glass 
adapter ($ 14/20) and to the nitrogen line with tygon 
tubing. The nitrogen was vented through a mineral oil 
bubbler connected to the outlet on the condenser fitted 
with a drying tube. After cooling to room temperature 
under positive nitrogen pressure, the reaction flask was 
charged with diethyl meth'ylidine malonate (14, 8.6 g, 
50 mmol) under a blanket of nitrogen. The system was 
reflushed with nitrogen for five min. Tetrahydrofuran 
(2.5 ml) was added via a dry syringe and the clear, color¬ 
less liquid was cooled to 5 - 10° with stirring in an ice 
bath. The borane-tetrahydrofuran (BH^-THF) complex (18 ml 
of a 1 M THF solution, 66.6 mmol plus 10/ excess) was 
added to the dropping funnel. 
Hydroboration was achieved by the slow drop-wise ad¬ 
dition of the BHyTHF solution to the diethyl methylldine 
malonate/THF solution. Following the addition, the clear, 
colorless reaction mixture was warmed to 20 - 25°. The 
excess hydride was destroyed by careful addition of 5 ml 
of water. After stirring for 10 min, sodium hydroxide 
(6 ml of 3 N aqueous solution) was added to the dropping 
funnel under a blanket of nitrogen followed by drop-wise 
addition to the stirred reaction mixture at a rate such 
that the temperature of the exothermic reaction did not 
exceed 10 - 20°. When the addition was complete, the 
reaction mixture was heated to reflux and maintained at 
23 
reflux for one hour at 6(3° with stirring to ensure com¬ 
plete oxidation. 
Isolation of the hydroxy product was attempted by 
pouring the cooled, two-phase reaction mixture into a 
separatory funnel, adding 50 ml of ether, removing the 
lower aqueous layer and washing the organic layer with 
water (2 X 25 ml). The organic layer was dried over 
anhydrous potassium carbonate, filtered, and concentrated 
on the rotary evaporator to give 7 g of a clear, color¬ 
less liquid, diethyl hydroxymethyl malonate: ir, ^(GCl^) = 
2.89, 3.38, 5.75, 7.89. 9.75ÀL. This liquid readily poly¬ 
merized to a white powdery solid: mp 168°. 
Anal. Calcd for CgH-^^0^: C, 50.5; H, 7.38. Found: 
C, 55.26; H, 7.09; inorganic residue, 2.32. 
The crude product from the above reaction (251.7 mg), 
dissolved in three ml of pyridine, was mixed with tosyl 
chloride (10 per cent excess, 278.0 mg, 146.3 mmol) and 
allowed to stand at room temperature overnight for 24 hrs. 
The reaction mixture was then dissolved in 100 ml of dis¬ 
tilled water and extracted five times with 25 ml portions 
of anhydrous ether. The combined ether extracts was 
washed with three per cent hydrochloric acid, followed 
by five per cent sodium bicarbonate solution and a solu¬ 
tion of saturated sodium chloride. Evaporation of the 
24 
solvent in vacuo removed the ether, leaving a white, 
powdery solid in the flask, mp 239°. 
Anal. Calcd for C^H^SO,,: C, 50.9; H, 5.7; S, 9.7. 
Found: C, 43.97; H, 5.^9; S, 0.000; inorganic residue, 
20.48. 
PART II 
A SIMPLIFIED ASSAY PROCEDURE 
FOR METHYLMALONYL COENZYME A MUTASE 
INTRODUCTION 
The synthetic approach, described in Part I of this 
thesis, for preparing model compounds for mechanistic 
studies of the coenzyme B-^-catalyzed interconversion 
of methylmalonyl-CoA to succlnyl-CoA was unsuccessful. 
The malonic esters were extremely sensitive to reaction 
conditions and readily polymerized to give a mixture of 
products. Separation of these polymeric compounds were 
very difficult and sometimes, impractical. Hence, experi¬ 
mental studies using malonic esters proved to be a rather 
tedious and difficult task. Accordingly, the approach 
for studying the problem was changed and a different as¬ 
pect was considered. The reverse reaction, the inter- 
conversion of succinyl-CoA (2) to methylmalonyl-CoA (1), 
was examined because model systems for this reaction can 
be easily prepared and the stability of the model com¬ 
pounds is greater than that of the model compounds des¬ 
cribed in Part I. 
COSCoA 
| coenzyme B,^ 
C
VçH2 é= : : : % 
COOH 
2 
In order to study the reverse reaction, Oates*1''3 








Two methods of preparation were used: (1) an enzyme 
method and (2) a synthetic method. The enzyme method 
was developed during the course of this work. Employing 
this method, succinic acid is reacted with reduced CoA 














The synthetic method consists of the reaction of suc¬ 
cinic anhydride (16) with reduced CoA in ice cold de¬ 
ionized water at a neutral pH. 
0 




+ reduced CoA 
OSCoA 
cold waterfc CH2-CH? 
neutral pHr | 
COOH 
16 2 
The synthetic method was found to be more quantitative, 
hence, deuterated and undeuterated succinyl-CoA were pre¬ 
pared by this method. 
27 
Methylmalonyl-CoA mutase was employed to facilitate 
the conversion of deuterated succinyl-CoA to methyl- 
malonyl-CoA, necessitating the isolation and characteri¬ 
zation of the enzyme. An integral part of the Isolation 
and characterization of the enzyme is the quantitative 
assay of the enzyme for activity. 
Although a new procedure for isolating and purifying 
methylmalonyl-CoA mutase has been established by Johnson 
40 
and Jones, the assay procedure used to measure the 
specific activity is very time consuming. The assay pro- 
41 
cedure was established by Kellermeyer, et al , and is 
based on an enzyme coupling system which measures spectro- 
photometrically the oxidation of the reduced NADH. This 
method is accurate for highly purified preparations of 
methylmalonyl-CoA mutase, but is entirely inaccurate when 
working with crude preparations. In addition, the system 
requires enzymes for the coupling system that must be 
isolated before the assay procedure for methylmalonyl-CoA 
mutase can be utilized, thus requiring a great deal of 
time. 
In an effort to alleviate these problems, an assay 
procedure based upon gas chromatography/mass spectrometry 
has been developed. The procedure involves the hydrolysis 
of the crude extract of methylmalonyl-CoA mutase with hy¬ 
drochloric acid, followed by esterification of the acid 
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products by reaction with dlazomethane or boron tri- 
flouride-butanol. The esters were then separated on the 
gas chromatographic column and identified by mass spec¬ 
trometry. Development of this procedure constitutes the 
remainder of this thesis. 
RESULTS AND DISCUSSION 
The quantitative assay of the crude extract of 
methylmalonyl-CoA mutase for succinic acid and methyl¬ 
malonic acid Involved three major steps: (1) the re¬ 
covery of the organic acids from the enzyme extract; 
(2)' preparation of derivatives of the acids, and (3) gas 
chromatographic/mass spectrometric analysis for final 
Identification. 
The recovery of the organic acids from the crude 
enzyme extract was achieved by acid hydrolysis. Hydro¬ 
chloric acid (IN) was mixed with the crude extract for 
24 hrs, affording a milky solution of methylmalonic, 
succinic, and some other acid products. Concentration of 
Crude extract of 








this solution in vacuo yielded a thick, concentrated 
solution of semi-solid material. Extraction of this 
solution with ethyl ether for 24 hrs, followed by evapo¬ 
ration of the solvent, afforded a solid mixture partially 
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insoluble in ether. This was attributed to the fact 
that a small amount of water in the ether interfered 
with the solubility properties of the compound. To al¬ 
leviate this problem, all of the solid material was 
brought into solution with an excessive amount of ether, 
dried over anhydrous sodium sulfate, and evaporated down 
to a volume of about five ml. The chromatogram obtained 
from gas chromatography was compared with those of the 
standards and positively identified. 
Esterification of methylmalonic acid and succinic 
acid were achieved by three methods, affording suitable 
standards for comparison. 
Reaction of the acids, ^ and 6, with diazomethane 
and boron triflouride in excess methanol yielded the re¬ 
spective methyl esters, VJL anc* 18. 
COOH COOH 
/ 
CH--CH + CH0CH0 
3 \ 2 | 2 
COOH COOH 
5 6 












Reaction of the acids with boron triflouride in 
butanol afforded the butyl esters of the acids, 12 and 20. 
Esterification of the acids with boron triflouride 
in methanol was the least effective method. This method 
did not yield as clean a product as achieved with the 
other two methods. After several hours of refluxing, the 
nuclear magnetic resonance spectra of the methylmalonic 
and succinic acids/boron triflouride-methanol mixtures 
indicated the presence of water and other products. The 
procedure utilizing diazomethane gave the best quantita¬ 
tive yield of the acids esters. 
The hydrolysis product of the crude extract of 
methylmalonyl-CoA mutase was treated in the same manner 
as the standard acids. In addition, a known amount of 
methylmalonic acid was added to the hydrolyzed product 
during esterification to quantitatively assess the yield 
of the ester products. This resulted in an increase in 
the molar intensity of the methylmalonic ester peak on 




Gas chromatographic analysis of the methylmalonic 
acid and succinic acid methyl esters produced chromato¬ 
grams with retention times of about 5.1 min and 7.7 min, 
respectively (Fig. 2). Analysis of the chromatogram of 
the esterified products from the crude methylmalonyl-CoA 
mutase (Fig. 3) revealed typical peaks with retention 
times corresponding to those obtained for the methyl¬ 





























































































Fig. 3. Chromatogram of the esterified products from 
crude methylmalonyl-CoA mutase. 

EXPERIMENTAL 
All gas chromatograms were done with a Varian 
Aerograph Model 1440 Chromatograph, utilizing a stain¬ 
less steel 2% OV-17/1% OV-210 column (1/8" X 6»), inter¬ 
faced with a DuPont Mass Spectrometer, Model No. 21-490. 
The operating conditions of the gas chromatograph con¬ 
sisted of the following flow rates: carrier gas (He), 
30 ml/mln; air, 300 ml/min; hydrogen, 30 ml/min. Deter¬ 
minations were carried out at an injection temperature 
of 90° and the detector temperature of 200°. The 
column support consisted of Chromosorb W (high perform¬ 
ance ) . 
Ultraviolet analysis were done with a Hitachi 
Digital Spectrophotometer, Model No. 191. equipped with 
an N-14 printer and an N-23 kinetic timer. 
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Hydrolysis of Methylmalonyl-CoA Mutase (Crude 
Extract).^ — The crude extract of methylmalonyl-CoA 
mutase (30 ml) was hydrolyzed with hydrochloric acid (1 N, 
five ml) for 24 hrs and reduced to a volume of about 8 ml. 
The organic acids were removed by continuous extraction 
with ethyl ether for 48 hrs. The ether extract was re¬ 
duced to a volume of 30 ml on the rotary evaporator, dried 
over sodium sulfate, and filtered. The filtrate was re¬ 
duced to a volume of about five ml and reacted with an 
esterifying agent. 
Esterification of Methylmalonic Acid (5) and Succinic 
42 Acid (6) with Dlazomethane. — The standard procedure of 
42 de Boer and Backer was used without modifications. 
Esterification of Methylmalonic Acid (5) and Succinic 
Acid (6) with Boron Trlflourlde-Methanol,^ — Methyl¬ 
malonic acid (_5. 150 mg, 1.27 mmol) and succinic acid (6, 
150 mg, 1.27 mmol), dissolved in five ml of ether, were 
refluxed with five ml of boron triflouride-methanol (14$ 
w/v) for 30 min. The refluxed mixture was cooled and 
concentrated on a rotary evaporator. Five xcl of each 
of the esters were injected on the gas chromatographic 
column. A characteristic peak for each ester was iden¬ 
tified 
37 
Esterification of Methylmalonic Acid (5) and Suc¬ 
cinic Acid (6) with Boron Trlflourlde-Butanol.^ — 
Methylmalonic acid (5» 52 mg, 0.44 mmol) and succinjc 
acid (6, 51 mg> 0.44 mmol), dissolved in about three ml of 
ether, were refluxed with ten ml of boron triflouride- 
butanol for one hour and treated in the same manner as 
in the boron trlflourlde-methanol procedure. Character¬ 
istic molar intensity peaks were obtained by this method. 
Preparation of Succinyl-CoA (2) by The Enzyme 
Method.^ — Succinic acid (6, 50 /(mol, 100 /(l) was re¬ 
acted with reduced coenzyme A (0.0032 /(mol, 100 /(l). 
succinic thlokinase (l4.5/imol, 100 Ml), and magnesium 
chloride (10/(mol, 10 #1) in Tris buffer (230 Ml) and 
water (900 /(l) at 26°. All reagents were dissolved in 
Tris buffer. The reaction was monitored (3 min lag 
time) to completion at a wavelength of 235 Guano- 
sine 5'-diphosphate (0.1 /tmol, 10 Al) was added to the 
completed reaction mixture to stabilize the product. 
The crude succinyl-CoA was isolated by column chroma¬ 
tography employing DEAE-cellulose (formate form, 
2.7 X 13.5 cm) and a linear gradient elution with sodium 
formate buffer (pH increasing from approximately 2 to 
3.7). The combined fractions containing succinyl-CoA 
were treated with Dowex 5°-H+ resin to remove the sodium 
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ions, filtered, and lyophilized. The maximum optical 
density of succinyl-CoA was observed at a wavelength 
of 260 m/c. 
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